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Heterogeneity in the differentiation behavior of
hematopoietic stem cells is well documented
but poorly understood. To investigate this
question at a clonal level, we isolated a subpop-
ulation of adult mouse bone marrow that is
highly enriched for multilineage in vivo repopu-
lating cells and transplanted these as single
cells, or their short-term clonal progeny gener-
ated in vitro, into 352 recipients. Of the mice,
93 showed a donor-derived contribution to the
circulating white blood cells for at least 4
months in one of four distinct patterns. Serial
transplantation experiments indicated that two
of the patterns were associated with extensive
self-renewal of the original cell transplanted.
However, within 4 days in vitro, the repopulation
patterns subsequently obtained in vivo shifted
in a clone-specific fashion to those with less
myeloid contribution. Thus, primitive hemato-
poietic cells can maintain distinct repopulation
properties upon serial transplantation in vivo,
although these properties can also alter rapidly
in vitro.
INTRODUCTION
The mammalian blood-forming system is a complex dy-
namic cellular system designed to sustain the required
levels of multiple lineages of short-livedmature blood cells
throughout life. It is now well established that all mature
blood cell types are continuously generated from a re-
latively small population of hematopoietic stem cells
(HSCs). In the adult, this process usually spans many cell
divisions during which lineage choices are first progres-
sively restricted and then executed in a well-coordinated
sequence (reviewed in Bryder et al., 2006). The properties
ofmultipotent hematopoietic cells and the intrinsic and ex-
trinsic molecular mechanisms that regulate their initial
specification and subsequent maintenance or differentia-218 Cell Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc.tion are among the most intriguing, but still poorly under-
stood, aspects of hematopoiesis. The investigation of
these questions has been confounded by the biological
heterogeneity now recognized among primitive hemato-
poietic cells with the same apparent breadth of differen-
tiation potential. One aspect of this heterogeneity is
manifested as differences in the durability of mature blood
cell production displayed both in vivo (Jones et al., 1990;
Spangrude, 1992; Morrison and Weissman, 1994;
Adolfsson et al., 2001; Passegue et al., 2005) and in vitro
(Ploemacher et al., 1989). The fact that differences in the
types of white blood cells (WBCs) produced and the lon-
gevity of their production can be associated with pheno-
typically distinct and prospectively separable subsets of
hematopoietic cells has led to the widely held view that
the earliest stages of hematopoiesis can be modeled
as a simple linear branching hierarchy (Bryder et al., 2006).
The demonstration of parallel changes in gene expression
programs has provided further support for this model
(Ivanova et al., 2002; Park et al., 2002; Zhong et al., 2005).
Cells with long-term hematopoietic repopulating activ-
ity have generally been defined as those that contribute
1% or more of the circulating WBCs at 4–6 months post-
transplant (Miller and Eaves, 1997; Dykstra et al., 2006;
Morita et al., 2006). A subset of these are considered to
be LT-HSCs if they generate both lymphoid and myeloid
progeny at levels of R1% until or beyond this period as
a likely indicator of an extensive self-renewal ability
(Morrison and Weissman, 1994; Adolfsson et al., 2001;
Kiel et al., 2005; Ema et al., 2005). Historically, LT-HSCs
have been conceptualized as a biologically homogeneous
population distinct from cells with multilineage but short-
term (<4 months) repopulating activity. The latter include
cells referred to as short-term repopulating cells (STRCs,
also referred to as ST-HSCs), as well as multipotent pro-
genitors (MPPs) that have even less proliferative potential
(Christensen and Weissman, 2001; Yang et al., 2005).
Nevertheless, significant variation in the composition,
kinetics, and persistence of progeny outputs is a well-
recognized hallmark of repopulating cells when their
progeny are analyzed at a clonal level in vivo. This was first
demonstrated in mice transplanted with retrovirally
marked cells (Dick et al., 1985; Lemischka et al., 1986;
Jordan and Lemischka, 1990; Keller and Snodgrass,
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Self-Renewal of Distinct Differentiation ProgramsFigure 1. Schematic Representation of the Overall Experimental Design
Freshly isolated CD45midlinRhoSP cells (158) and 194 in vitro clones (generated from single CD45midlinRhoSP cells cultured for 4 days in 300 ng/
ml Steel factor, 20 ng/ml IL-11, and 1 ng/ml Flt3-ligand) were transplanted into sublethally irradiated CD45-congenic W41/W41 recipients. At regular
intervals posttransplant, WBC samples were analyzed for the presence of donor cells of B cell, T cell, andmyeloid (GM) lineages. Six to seven months
posttransplant, BM was harvested from 46 positive recipients, and one femur equivalent was injected into each of two secondary sublethally irradi-
atedW41/W41 recipients (total of 96, of which 90 survived). Similarly, BMwas harvested from 25 selected secondary recipients at six to seven months
posttransplant and injected into pairs of tertiary recipients (total of 46, of which 44 survived). In vitro clones (10 day) were also generated from single
CD45midlinRhoSP cells, and 18 such clones were injected into groups of two to three sublethally irradiated W41/W41 mice each (total of 48 mice).1990). Later, when limiting dilution transplantation assays
for HSCs were established, their functional heteroge-
neity was confirmed (Smith et al., 1991; Spangrude
et al., 1995; Zhong et al., 1996; Randall and Weissman,
1997; Szilvassy et al., 2003; Sieburg et al., 2006). More
recently, additional evidence of the heterogeneous behav-
ior of repopulating cells has been obtained from analyses
of mice transplanted with highly purified populations
(Jones et al., 1996; Uchida et al., 2003; Ema et al.,
2005). Nevertheless, the extent to which this heterogene-
ity may reflect a predetermined intrinsic diversity (Muller-
Sieburg and Sieburg, 2006), or chance exposure to differ-
ent environments (Trentin, 1971; Metcalf, 1998; Moore
and Lemischka, 2006), or stochastic events affecting in-
trinsic pathways (Till et al., 1964; Abkowitz et al., 1995;
Kirkland, 2004; Roeder et al., 2005) has not been resolved.
To investigate these alternatives, we analyzed the
dynamic changes in WBC outputs of a large number of
transplanted single cells with long-term repopulating ac-
tivity (or their immediate clonal progeny generated in vitro).
The WBCs produced in vivo were tracked over a 4–6
month period to allow their long-term clonal lineage output
activities to be compared. In many cases, the self-renewal
activities of the initially injected cell (or clone) and its
progeny were also evaluated by performing secondary
and tertiary transplants (Figure 1). Based on the WBC re-
population patterns obtained, we divided the cells andCeclones into four functionally defined subsets. Our findings
suggest the existence of at least two subsets of primitive
hematopoietic cells that can stably perpetuate recogniz-
able differentiation programs through many self-renewal
divisions in vivo yet remain highly susceptible to growth
factor-mediated alteration in vitro.
RESULTS
Evidence of Four Differentiation Patterns
in Recipients of Single Repopulating Cells or Their
Immediate Clonal Progeny Generated In Vitro
The power of single-cell transplants is that all progeny
subsequently detected at any time can be ascribed to
the same original starting cell. Here we used multiparam-
eter fluorescence-activated cell sorting (FACS) to isolate
the CD45mid, lineage marker-negative, rhodamine-
123dull, Hoechst 33342-excluding side population
(CD45midlinRhoSP) fraction of normal adult mouse
bone marrow (BM) cells, at least 25% of which we have
previously shown to be lymphomyeloid repopulating cells
that contribute at least 1% of the circulating WBCs for
at least 16 weeks (Uchida et al., 2003; Dykstra et al.,
2006). We then injected 352 sublethally irradiated Ly5-
congenic W41/W41 mice with visually confirmed, single
cells of this phenotype (n = 158) or with 4 day in vitroll Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc. 219
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Self-Renewal of Distinct Differentiation ProgramsFigure 2. WBC Outputs in Recipients of Single CD45midlinRhoSP Cells or Their Clonal Progeny Generated In Vitro
(A) Donor contributions to the total circulatingWBCs over time posttransplant shown individually for each of the 93mice found to be repopulated for at
least 16 weeks.
(B) Variations in the donor contributions to the total circulating WBCs at 16 weeks posttransplant in mice grouped according to the four patterns of
repopulation identified. Each point represents an individual mouse. Horizontal bars indicate mean values.
(C) Contribution to the circulating WBCs in mice grouped according to the four patterns of repopulation identified. Shown are the mean ± SEM of
values from all mice in each group as defined in the text.220 Cell Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc.
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Self-Renewal of Distinct Differentiation ProgramsFigure 3. Identification of Subtypes of Repopulating Cells in Ternary Plots of Their Lineage-Specific Contributions at 16 Weeks
Posttransplant
(A) Comparison of the ratio of donor clone contributions to the GM (up), B lineage (lower left), and T lineage (lower right) WBCs. If a clone were con-
tributing only GM cells, the value would lie at the upper vertex; if only B cells, the value would lie at the left vertex; and if only T cells, the value would lie
at the right vertex. If a clone were contributing equally toward all three lineages, the value would lie in the center of the triangle. Greater relative con-
tributions to the GM, B, or T lineages shift the values to the top, lower left, or lower right, respectively. The graph can be divided into three sections
based on specific myeloid to lymphoid contribution ratios: high GM:(B + T) = ratioR 2:1; low GM:(B + T) = ratio%1:4; balanced GM:(B+T) = ratio
between 1:4 and 2:1.
(B) Subdivision of the patterns of repopulation obtained according to the ratio of the contributions to the myeloid and lymphoid lineages at 16 weeks
posttransplant. a cells display a high GM:(B + T) contribution, b cells display a balanced GM:(B + T) contribution, g cells display a low GM:(B + T)
contribution, and d cells contribute B cells and/or T cells but not GM cells (<1%) at 16 weeks.clones (n = 194) generated from such cells under condi-
tions that support a modest expansion of the input HSC
number after 10 days in vitro (Audet et al., 2002). The
use of sublethally irradiated Ly5-congenic W41/W41 mice
as recipients enables transplanted repopulating cells to
be detected at the same frequency and with similar
WBC outputs as in lethally irradiated Ly5-congenic mice
in limiting dilution transplantation assays but avoids the
complication of having to transplant additional cells to
ensure survival of the recipients (Miller and Eaves, 1997;
Trevisan and Iscove, 1995). The number and proportion
of myeloid (granulocytes/monocytes, GM) and lymphoid
(B cell and T cell) WBCs of the donor Ly5 genotype present
in the blood of each of the 352mice transplanted was then
measured 4, 8, 12, 16, and 24 weeks later (Figure 1 and
see Figure S1 in the Supplemental Data available with
this article online).
In 233 of the 352 mice (66%), R0.5% donor-derived
WBCs were not seen at any time. In another 26 (7%),
a transplant-derived contribution to the circulating
WBCs was >0.5% initially but decreased to <1% by 16
weeks posttransplant. These 259 mice were eliminatedCefrom all subsequent analyses. In the remaining 93 mice
(26%, 49 injected with a single cell and 44 with a 4 day
clone), a R1% contribution to the regenerated WBCs at
16–24 weeks was seen. These 93 mice were selected
for further analysis without requiring that they contain
both donor-derived myeloid and lymphoid WBCs at 16
weeks to enable the examination of clones with all possi-
ble WBC output patterns. In 92 of the 93 mice analyzed
(99%), donor-derived myeloid cells as well as lymphoid
cells were detectable, at least at a low level (>0.1% of all
myeloid cells), at some time point. For the freshly isolated
single cells, 90% (44 of 49) of the long-term repopulated
mice produced detectable donor-derived myeloid cells for
at least 16 weeks. For the mice transplanted with the 4
day clones, this percentage decreased to 57% (25 of 44).
The specific levels of donor-derived WBCs present in
each of the 93 mice varied considerably throughout the
6 month period of follow-up (Figure 2A). To determine
whether these differences reflected a smaller number of
patterns, we analyzed the clonal outputs in various
ways. Figure 3 shows the results obtained when we calcu-
lated the separate contribution of the transplanted cell(s)(D and E) Examples of individual mice repopulated with freshly isolated cells (D) or cells from 4 day clones generated in vitro (E). (Top panels) Colored
areas represent donor WBCs of GM (red), B cell (blue), and T cell (yellow) lineages as a percentage of all WBCs over time posttransplant. Data are
stacked such that the sum of each lineage contribution represents the percentage donor contribution to all WBCs. (Bottom panels) For each time
point, the separate donor contributions to the GM (red), B cell (blue), and T cell (yellow) lineages are shown as bars, and the percentage donor
contribution to the total WBCs is shown as a gray area.
(F) Distinct patterns of donor contributions to the GM (red), B cell (blue), and T cell (black/yellow) lineages over time are shown. Shown is the mean ±
SEM of values from all mice in each group.ll Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc. 221
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Self-Renewal of Distinct Differentiation ProgramsFigure 4. Clonal Propagation of Primary Repopulation Patterns in Secondary and Tertiary Recipients
(A) Summary of the repopulation patterns seen in pairs of secondary and tertiary recipients transplanted with the progeny of each of the four original
subtypes of repopulating cells.222 Cell Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc.
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and then plotted these values as normalized relative ratios
on a ternary graph (see Figure S1for details). This type of
analysis showed that the data thus obtained segregated
into four clusters. We designated these clusters as a, b,
g, and d subtypes and the input cells responsible for the
respective repopulation patterns as a, b, g, and d cells.
The a and b clusters were defined, respectively, by do-
nor-derived GM:(B + T) ratios of R2 and 0.25 to 2 (see
Figure S2, which describes the rationale for, and statistical
validation of, these clusters). Mice with donor-derived
GM:(B + T) ratios of <0.25 were further subdivided into
two clusters according to whether the donor contribution
to the myeloid lineage as well as to both lineages of lym-
phoid cells at 16 weeks continued in each case at R1%
(g subtype) or decreased further, leaving a greater contri-
bution to the lymphoid lineages at this time (<1% of the
myeloid cells and >1% of the lymphoid cells, d subtype).
Values for transplants of freshly isolated single cells (n =
49) and 4 day clones (n = 44) clustered similarly (Figures
S3A and S3B) and were therefore pooled, in spite of
changes in the proportional representation of the four dif-
ferent subtypes of repopulation patterns, as described in
detail below.
The contribution of donor-derived cells to the total num-
ber of WBCs at 16 weeks posttransplant was not a highly
discriminating feature of each cluster (Figure 2B), although
each cluster did display a distinct kinetic pattern of repo-
pulation when the average values were plotted as a func-
tion of time posttransplant (Figure 2C). Specific examples
of the four repopulation patterns are shown in Figures 2D
and 2E. In the upper panels of these figures, the data are
displayed as additive contributions of the donor-derived
GM, B, and T cell contributions to the total WBC pool as
a function of time posttransplant. In the lower panels of
these figures, the results are displayed as separate spe-
cific contributions to each of the three types of WBCs.
When the average lineage-specific contributions were
plotted over time, four distinct patterns were again evident
(Figure 2F).
a and bCells Display Extensive Self-Renewal Activity
In Vivo with Long-Term Preservation of the Original
Pattern of WBC Repopulation
Pairs of sublethally irradiated Ly5-congenicW41/W41mice
were transplanted with the equivalent of the BM cells from
one femur (10% of the total BM) harvested individually
from 47 of the 93 clonally repopulated mice 6–7 months
after the initial cell(s) had been injected. Subsequent
follow-up showed that donor-type cells from 22 of the
47 primary mice were contributingR1% of the circulating
WBCs in one or both of the secondary recipients for at
least 16 weeks. Notably, this result was obtained only
with transplants from primary mice that had been repopu-Celated with a or b cells and included at least one secondary
recipient from almost every such primary mouse tested
(cells from 11 of 12 primary recipients of a cells repopu-
lated 19 of 24 secondary mice, and cells from 11 of 12 pri-
mary recipients of b cells repopulated 20 of 24 secondary
mice, whereas no secondary recipients were repopulated
with cells from six primary mice transplanted with g cells
or 17 primary mice transplanted with d cells, Figure 4A
and Figure S4A). Moreover, the subtype of the original
cell injected appearedmore predictive of secondary repo-
pulating activity than either the total donor-derived WBC
levels in the primary recipients or the extent of the indi-
vidual donor contribution to the GM, B, or T lineages
(Figure S4B). Paired tertiary transplants were similarly
performed with BM cells harvested from each of 25 repo-
pulated secondary mice. These experiments showed that
most of the a and b cells had undergone further expansion
in the secondary mice (Figure 4A).
Unexpectedly, we found that both the lineage-specific
contributions to theWBCs present at 16 weeks in the sec-
ondary and tertiary recipients (see examples in Figure 4B)
as well as the overall repopulation patterns obtained (see
examples in Figure 5A) were highly reminiscent of the four
patterns identified in the primarymice.Moreover, compar-
ison of each cohort of serial transplants revealed a striking
preservation of each particular repopulation pattern ob-
tained in multiple recipients of cells from the original cell
transplanted (see examples 1–3 in Figure 4B for a and
b cells, respectively). The similarity in the repopulation pat-
terns displayed by the progeny of individual a or b cells is
even more obvious when the paired recipients of cells
from the same primary or secondary donors are com-
pared (Figure 5A).
Evidence of a change from one repopulation pattern to
another was, however, noted in approximately half of the
secondary recipients of cells from primary mice repopu-
lated with a or b cells (Figure 4A). Specifically, in 5 of the
11 a cell-repopulated primary mice tested, one or both of
the secondary recipients showed a more balanced donor-
derived GM:(B + T) ratio at 16 weeks, typical of b cells (ex-
amples 3b, 4, and 5 in Figure 4B for a cells). Similarly, in 5 of
the 11 b cell-repopulated primary mice tested, one or both
of the secondary recipients showed a low donor-derived
GM:(B+T) ratioat16weeks, typicalofgordcells (examples
4 and 5 in Figure 4B for b cells) and a progressive loss of du-
rablemyeloid repopulating activity. These findings indicate
that some a cells can also produce b cells (and/or g and
d cells) and some b cells can also give rise to g and d cells.
However, these pattern switches are clearly not obligatory
events in vivo, since many a and b cells sustained for over
a year theexclusiveproductionof repopulatingcell progeny
characterized by the same WBC output patterns.
It is important to note that 11 of the initial 16 a cells de-
tected would likely not have been classified asmultipotent(B) Five examples of serial transplants originating from each of the four subtypes of repopulating cells are shown. Bars represent the percent donor
contribution to the GM (red), B cell (blue), and T cell (yellow) lineages at 16 weeks posttransplant in primary, secondary, and tertiary recipients (as
indicated). Negative recipients (<1% donor WBCs at 16 weeks posttransplant) are indicated with an asterisk. nd, not done. y indicates that the
recipient mouse died before 16 weeks posttransplant.ll Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc. 223
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(A) Donor WBC contribution patterns in paired secondary recipients. For each time point, the donor contributions to the GM (red), B cell (blue), and
T cell (yellow) lineages are shown as bars, and the donor contribution to the total WBCs is shown as a gray area.
(B) Donor WBC contribution patterns in recipients of subdivided 10 day clones. For each time point, the donor contributions to the GM (red), B cell
(blue), and T cell (yellow) lineages are shown as bars, and the donor contribution to the total WBCs is shown as a gray area.according to conventional definitions based on the differ-
entiation activity they displayed in the primary recipients,
since they had not yet produced >1% of the B and/or T
cells in the blood by 16 weeks posttransplant (in spite of
a >1% contribution to the GM lineage). However, of the
6 of these 11 whose progeny were analyzed in secondary
transplants, three produced lymphoid cells in numbers
consistent with traditionally defined LT-HSCs (examples
1 and 3 in Figure 4B for a cells). Thus, a cells can be pre-
cursors of conventionally defined LT-HSCs, even though
this potential may not be revealed by 4–6 months post-
transplant in a primary recipient.
Subtypes of Repopulating Cells Are Rapidly Altered
In Vitro
We next askedwhether the same or a different distribution
of repopulating cell subtypes would be obtained when the
original CD45midlinRhoSP BM cells were maintained
in vitro for up to 10 days under conditions that sustain
some HSC activity (Audet et al., 2002). As detailed above,
the transplanted 4 day in vitro clones produced the same
spectrum ofWBC repopulation patterns at 16weeks post-224 Cell Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inctransplant as seen in recipients of freshly isolated cells
(Figure S3). However, after 4 days in vitro, during which
time >95% of the input cells divide at least once under
the conditions used (Uchida et al., 2003; Dykstra et al.,
2006), the overall distribution of WBC patterns produced
was altered. The proportion of primary mice displaying g
and d patterns increased from 17/49 (35% for freshly iso-
lated cells) to 36/44 (82% for the 4 day clones), and the
proportion of those with a and b patterns decreased
from 32/49 (65%) to 8/44 (18%) (Figure 6). These results
show that, under the in vitro conditions used, either
a and b cells generate g and/or d cells or the latter arise
from cells that did not previously have long-term repopu-
lating activity (which seems unlikely). After 10 days in cul-
ture, all repopulated mice appeared to have been trans-
planted with g and/or d cells (Figure 6 and Figure S3C).
To determine the extent of diversity generated among
the repopulating cells present within individual clones
after 10 days of in vitro growth, we transplanted equal
portions of 18 different 10 day clones into two to three
mice each and then followed the WBC output patterns
obtained in each mouse over time (Figure 1). From these.
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(A) The distribution of a, b, g, or d cells identified in freshly isolated CD45midlinRhoSP BM cells.
(B) The distribution of a, b, g, or d cells identified in 4 day clones generated in vitro from freshly isolated CD45midlinRhoSP BM cells.
(C) The distribution of a, b, g, or d cells identified in subdivided 10 day clones generated in vitro from freshly isolated CD45midlinRhoSP BM cells.
Portions of eight clones were injected into a total of 21 recipients.analyses, we found that cells from 8 of the 18 clones
contributed >1% of the WBCs present in at least two
recipients for at least 16 weeks posttransplant. This result
demonstrated that multiple repopulating cells had been
generated in these eight clones (44%). Moreover,
recipients repopulated with portions of the same clone
displayed remarkably similar kinetics of WBC repopula-
tion and lineage-specific contributions from the injected
cells (see examples in Figure 5B). Thus, marked consis-
tency was evident in the types of repopulation patterns
generated by cultured repopulating cells in spite of a
dramatic shift toward less durable multipotentiality.
DISCUSSION
For more than 50 years, it has been appreciated that the
BM of mice contains cells with an impressive ability to
produce all types of mature blood cells for many months,
now termed LT-HSCs. The subsequent development of
methods to quantify such cells in limiting dilution trans-
plantation assays and prospectively isolate them as
unique populations separate from cells with more re-
stricted proliferative or differentiation potential has led to
the widespread adoption of a linear branching model of
hematopoiesis (Bryder et al., 2006). Recent studies of var-
ious gene knockout mice have provided further support
for the concept that the various stages of hematopoietic
cell development in this complex hierarchy are differen-
tially dependent on the functional contributions of specific
key genes and that the intrinsic regulation of short- and
long-term renewal of multipotentiality may involve mecha-
nistically distinct processes (Cheng et al., 2000; Park et al.,
2003; Lessard et al., 2004). Nevertheless, there is very little
basic information about the timing and control of differen-
tiation programming at the level of single, multipotent he-
matopoietic cells.CeTo approach this question, we undertook a large-scale
analysis of the clonal progeny generated in irradiatedmice
transplanted with 352 single cells or their immediate 4
day progeny. To obtain sufficient numbers of recipients
that would show long-term WBC repopulation from
such transplants, we took advantage of a method we
recently developed for purifying adult mouse BM cells in
which >25% would be conventionally defined as LT-
HSCs based on their ability to produceR1% of the total
regeneratedWBCs, including at least 1%of the circulating
myeloid cells for at least 16 weeks (Uchida et al., 2003;
Dykstra et al., 2006). The persistence of such a signifi-
cant contribution to myelopoiesis by these CD45midlin
RhoSP cells clearly distinguishes them functionally
from STRCs, which have been defined in the literature
by an inability to produce detectable GM progeny beyond
6–12 weeks (Morrison and Weissman, 1994; Adolfsson
et al., 2001; Christensen and Weissman, 2001; Yang
et al., 2005; Wagers and Weissman, 2006) and further
distinguishes them from cells with evenmore restricted re-
populating and/or differentiation ability than STRCs, in-
cluding MPPs, CMPs, and CLPs (Bryder et al., 2006).
Analysis of the different contributions of each individual
injected cell (or 4 day clone) to the regenerated pool of cir-
culating WBCs allowed four patterns of long-term (R16
weeks) repopulation to be discerned; here referred to as
a, b, g, and d. Two of the patterns (a and b) were associ-
ated with robust self-renewal activity and stable perpetu-
ation of the original repopulating pattern in their progeny.
These results argue strongly that these two patterns
were intrinsically predetermined in the cells prior to trans-
plant. Thus far, we have not yet identified a method for
subdividing the rare CD45midlinRhoSP BM cells in
a way that allows the functionally defined a, b, g, and
d cells to be prospectively separated. Hence, candidate
molecular differences remain inaccessible to definition,ll Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc. 225
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vestigation.
The cells defined here as b cells display differentiation
and self-renewal characteristics traditionally associated
with LT-HSCs, based on the durable multipotentiality
and extensive self-renewal activity they display after
transplantation into primary and secondary recipients, al-
though it is interesting to note that this latter function has
not been previously documented at the single-cell level for
such a large sample size. The g cells also are multipotent
and are still making a significant (>1%) contribution to the
myeloid lineage for at least 16 weeks, thus clearly distin-
guishing them from conventionally defined STRCs. How-
ever, the subsequent decline in this activity (Figure 2F),
the consistent exhaustion of g cell self-renewal activity
within 6–7 months, and the unidirectional derivation of g
cells from b cells all suggest that g cells represent an inter-
mediate stage of repopulating cells—developmentally up-
stream of those widely defined as STRCs but downstream
of b cells. These findings demonstrate that even a continu-
ing contribution of at least 1% of the circulating myeloid
WBCs at 16 weeks posttransplant is not sufficient to iden-
tify HSCs with continuing self-renewal activity. d cells, al-
though also capable of contributing to the circulatingWBC
pool for at least 16weeks, show even less durablemyeloid
potential than g cells and likewise lack extensive self-
renewal activity. Thus, they appear to be even more
closely related to STRCs (Yang et al., 2005).
a cells are the most interesting subtype of HSCs ob-
served because these cells often produced detectable
levels of mature WBCs only after an initial lag period of
many weeks and those eventually generated remained
predominantly, if not exclusively, myeloid for many
months. Nevertheless, a cells also possess extensive
self-renewal activity in vivo. In addition, they occasionally
regenerated cells that displayed a b pattern of repopu-
lation. This was demonstrated by their generation of
significant numbers of lymphoid progeny in secondary
recipients, suggesting a latent capacity for lymphopoietic
differentiation. It will, therefore, be of interest to determine
whether this potential might be more readily activated in
genetically immunodeficient mice that may provide
a more permissive environment for stimulating the differ-
entiation of maturing lymphoid cells (Fulop and Phillips,
1986; Serafini et al., 2007; Bhattacharya et al., 2006).
The presence in adult mouse BM of distinct, phenotyp-
ically defined subsets of repopulating cells that produce
mature WBCs after a long delay has been reported by
others (Ortiz et al., 1999; Jones et al., 1996). However, it
was not determined whether they might display a stable
or unique lineage output program, and the extent to which
these cells overlap with the presently described a cells re-
mains unclear. Evidence of sustained lineage biases in the
repopulation patterns of HSCs has also been previously
suggested from analyses of the repopulating activity of
clonally expanded cells in 4-week-old stromal cell-
containing cultures (Muller-Sieburg et al., 2002). In those
experiments, a type of self-renewing lymphoid-biased re-
populating cell was also described. Such a cell was not226 Cell Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Incobserved here, but this discrepancy may be explained
by the different prior treatments of the cells, which we
now show can be a critical parameter.
Figure 7 summarizes the relationships found between
the four subtypes of repopulating cells we have described
here. b, g, and d cells can be accommodated within the
classical scheme of lineage restriction in primitivemultipo-
tent hematopoietic cells in which myeloid and lymphoid
differentiation potentials are thought to diverge from one
another after self-renewal activity is lost (as illustrated by
the hierarchical relationship shown on the right of the fig-
ure) (Bryder et al., 2006). However, a cells do not fit readily
into this paradigm. Many a cells generated myeloid cells
throughout three cycles of hematopoietic repopulation
over a period of 18 months with low or negligible contribu-
tions to the lymphoid lineages, thus allowing their distinc-
tion and independent maintenance to be convincingly
documented. Serial transplants of the in vivo-generated
progeny of b cells also suggested stable self-renewal of
this program for similarly extended periods. However,
the transplantation of secondary and tertiary mice with
a diversity of regenerated subtypes could yield an overall
repopulation pattern indistinguishable from that attribut-
able to b cells only. It is interesting to note that the
Figure 7. Schematic Diagram of the Relationships between
Different Subtypes of Repopulating Cells and the Mature
WBC Types They Generate
The gray box encloses four types of cells with long-term (>16 weeks)
repopulating activity. Serial transplant and in vitro data suggest that
b, g, or d cells form a hierarchy that corresponds to conventional
models of HSC differentiation in that the propensity for generating ma-
ture myeloid progeny diminishes progressively before multipotential
repopulating activity is lost. a cells represent an unusual type of self-
renewing cell with long-term repopulating activity in which a strong
propensity for myeloid cell output can be independently and exclu-
sively sustained over multiple cycles of hematopoietic repopulation
but that also has the potential for conversion to a cell capable of dis-
playing substantial immediate lymphoid repopulating activity..
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Self-Renewal of Distinct Differentiation Programsproduction of b cells (and/or less persistent g and d cells)
from a cells was occasionally seen in vivo, and the in vivo
production of exclusively g and/or d cells from b cells was
also sometimes observed. The production of g and/or
d cells from a and/or b cells likely also occurred in vitro. Di-
rect evidence of the generation of a cells from b cells was
not obtained, although this would not have been detect-
able if any b cells (and/or g or d cells) had also been pres-
ent, since the lymphoid cells they produced would mask
the pattern characteristic of cotransplanted a cells. Future
experiments utilizing single-cell transplants into second-
ary recipients would circumvent this problem and will
thus be of interest to clarify the full spectrum of conver-
sions that a and b cells can undertake. Similarly, extensive
time course studies of additional phenotypes among the
cells regenerated in the BMwill help to establishmore pre-
cisely the developmental relationships between the four
classes of cells described here and LT-HSCs, STRCs/
ST-HSCs, MPPs, CMPs, and CLPs.
The most striking and unexpected result of the present
study was the consistency of repopulating behavior ex-
hibited by clonally amplified cells both in vivo, where the
input program was stably maintained over many self-
renewal divisions, and in vitro, where there was a rapid
shift to less-sustained (myeloid) repopulation programs.
Thus, even when many daughter cells from the same
in vivo or in vitro clone were injected and the repopulation
patterns were different from those characteristic of the pa-
rental cells, the patterns produced by different aliquots of
the same clone mimicked one another with a high degree
of similarity. Collectively, our findings suggest that the
repopulation patterns later displayed by primitive multipo-
tent hematopoietic cells are intrinsically preset, possibly at
a much earlier point in their development. This would sug-
gest the possibility that genes involved in setting the pace
and ease of activation of particular WBC differentiation
lineages may be epigenetically modified in different
ways in different subsets of primitive hematopoietic cells.
Such a possibility would also fit with current evidence of
lineage priming of primitive multipotent cells and their
subsequent differentiation by progressive suppression of
lineage options (reviewed in Miyamoto and Akashi,
2005). However, regardless of the underlying mecha-
nism(s), it now seems clear that self-renewal divisions of
multipotent hematopoietic cells in vivo do not randomly
reset the differentiation options of their progeny.
Preliminary repopulation studies suggest that a cells
may be less prevalent in embryonic day 14.5 fetal liver.
Among ten mice that were each repopulated with single
fetal liver HSCs, the numbers repopulated by a, b, g,
and d cells were 0, 30%, 30%, and 40%, respectively
(compared to the distribution in adult BM of 27%, 39%,
12%, and 22%, see Figure S3). Several studies suggest
that cells with a differentiation characteristics may in-
crease as mice age (Sudo et al., 2000; Kim et al., 2003;
Rossi et al., 2005; Liang et al., 2005). Such a shift is con-
sistent with our data suggesting a reduced or absent fre-
quency of a cells in fetal mice, and an increase of these
cells with developmental time might contribute to theCedecrease in lymphoid cells characteristic of aging mice
(reviewed in Rossi et al., 2007). Understanding the mech-
anisms that allow a and b cells to sustain their character-
istic WBC output patterns should give new insights into
the pathways involved in HSC differentiation. The findings
reported here may also help to clarify the heterogeneity
seen in genetically similar leukemias.
EXPERIMENTAL PROCEDURES
Mice
BM donors were 8- to 12-week-old C57Bl/6J-Ly5.1 or -Ly5.2mice. All
transplant recipients were Ly5-congenic C57Bl/6J-W41/W41 (W41/W41)
mice given a sublethal dose of irradiation (360 cGy X-rays at350 cGy
per minute).
Purification, Culture, and Transplantation
of CD45midlinRhoSP Cells
Single viable (propidium iodide-negative) CD45midlinRhoSP cells
were sorted by FACS as previously described (Dykstra et al., 2006)
into the individual wells of a round-bottom 96-well plate containing
100–200 ml of serum-free medium, centrifuged at 700 rpm, and visually
confirmed. These were then individually injected intravenously into
sublethally irradiated W41/W41 recipients, as described (Uchida et al.,
2003; Dykstra et al., 2006). Single CD45midlinRhoSP cells were
also cultured for 4 or 10 days with 300 ng/ml murine Steel factor (Stem-
Cell Technologies, Vancouver, BC), 20 ng/ml human IL-11 (Genetics
Institute, Cambridge, MA), and 1 ng/ml human Flt3 ligand (Immunex,
Seattle, WA). Clones generated in 4 day cultures were then individually
harvested and injected intravenously into sublethally irradiated W41/
W41 recipients. Clones generated in 10 day cultures were subdivided
into equal aliquots and then injected intravenously into groups of two
to three sublethally irradiated W41/W41 recipients. Six to seven
months posttransplant, BM was harvested from selected repopulated
primary recipients of single CD45midlinRhoSP cells or 4 day clones,
and the cell content equivalent of one femur (10% of the total BM)
was injected into each of two secondary sublethally irradiated W41/
W41 recipients. BM was similarly harvested from selected secondary
recipients 6–7 months posttransplant, and the equivalent of one femur
from each secondary mouse was injected into a pair of tertiary irradi-
ated W41/W41recipients.
Generation and Analysis of In Vivo Repopulation Data
Peripheral blood samples were collected from the tail vein of mice 4, 8,
12, 16, and 24 weeks after transplantation. Following lysis of the red
blood cells with ammonium chloride (StemCell), the WBCs were
stained with antibodies for donor and recipient CD45 allotypes (anti-
CD45.1-allophycocyanin [APC] and anti-CD45.2-fluorescein isothio-
cyanate [FITC]) plus anti-Ly6g-phycoerythrin (PE)/anti-Mac1-PE for
myeloid (GM) cells, or anti-B220-PE for B cells, or anti-CD5-PE for T
cells (CD45.2-FITC purified and conjugated in the Terry Fox Labora-
tory, Vancouver, BC; CD45.1-APC from eBiosciences, San Diego,
CA; all others from Becton Dickinson, San Jose, CA). To calculate re-
population levels, events negative for CD45.1 and CD45.2 or positive
for both CD45.1 and CD45.2 were excluded, and the contributions of
the injected (donor) cells to the populations of circulating GM, B, T,
and total WBCs were calculated (see Figure S1for further details). Re-
cipients withR1% donor-derived WBCs at 16 and/or 24 weeks post-
transplant were considered to be repopulated long term. Different
long-term repopulation patterns (a, b, g, and d) were discriminated
as described in the Results and in Figure S2.
Repopulation data were analyzed for clustering using the k-means
algorithm (Hartigan and Wong, 1979) and in some cases using the
fuzzy c-means algorithm (Hathaway et al., 1996). The k-means algo-
rithm was performed with 100 random initializations to increase its ro-
bustness. For the fuzzy c-means algorithm,we used R (RDevelopmentll Stem Cell 1, 218–229, August 2007 ª2007 Elsevier Inc. 227
Cell Stem Cell
Self-Renewal of Distinct Differentiation ProgramsCore Team, 2006) to determine natural groupings for a set number of
clusters.
Supplemental Data
Supplemental Data include four figures and can be found with this
article online at http://www.cellstemcell.com/cgi/content/full/1/2/
218/DC1/.
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